Molecular characterization of lung cancer specimens after radical surgery offers additional prognostic information and may help to guide adjuvant therapeutic procedures. The transcriptional regulators alpha thalassemia/mental retardation X-linked (ATRX) and death domain-associated protein (DAXX) have recently been described in different cancer entities as a useful prognostic biomarker. This study was initiated to explore their protein expression patterns and prognostic value in patients with operable lung cancer disease.
Introduction
Lung cancer is the leading cause of cancer-related death worldwide. 14% of all newly diagnosed cancer cases in the US are attributed to lung cancer. Overall, lung cancer is responsible for more than 20% cancer deaths in men and women. The 5-year survival rate is about 16%. [1, 2] By histology, lung cancer is divided into non-small cell lung cancer (NSCLC, 85% of all cases) and small-cell lung cancer (SCLC, 15% of all cases). The most predominant NSCLC subtypes are adenocarcinoma (AC) and squamous cell lung carcinoma (SQCLC). [3] The therapy of choice for early-stage lung cancer is radical surgery followed by adjuvant chemotherapy. [4, 5] So far, this decision is usually based on the initial Union for international cancer control (UICC) cancer stage. [4] While the TNMclassification is used to describe lung cancer stages, molecular characterization may be used as a complementary tool that offers additional prognostic information and may help to determine the best adjuvant therapeutic protocol. [1] Broad molecular characterization of lung cancer patients is even more important as lung cancer has been shown to be a disease with heterogeneous molecular biology. [6] The transcriptional regulator proteins alpha thalassemia/ mental retardation X-linked (ATRX) and death domainassociated protein (DAXX) are 2 subunits of a transcription/ chromatin remodeling complex. These loss-of-expression (that can, eg, be detected by immunohistochemistry [IHC] ) and thus loss-of-function of either of these genes are associated with the alternative lengthening of telomere (ALT) phenotype [7] [8] [9] [10] and chromosome instability [7] in different cancer entities, eg, in neuroendocrine tumors where mutations of ATRX or DAXX lead to protein loss. Interaction of both ATRX and DAXX is required for the formation of the ATRX/DAXX complex. The complex acts as a chaperone for the histone H3.3 which is required for maintaining the heterochromatic state of telomeres after mitosis. [5, 11, 12] In mouse embryonic fibroblasts, ATRX is a binding partner of enhancer of zeste homolog 2 (EZH2) and loss of ATRX causes improper EZH2 targeting to ectopic intergenetic space. This results in decreased selectivity of EZH2-target trimethylation and upregulation of EZH2-target genes. [13] Furthermore, ATRX-deficient cells show higher sensitivity to DNA damaging agents like Cisplatin and 5-fluorouracile. [14, 15] ATRX and DAXX have recently been described in different cancer entities as useful prognostic biomarkers. Loss of ATRX or DAXX occurs in 40% of neuroendocrine pancreatic cancers. [7] Here the loss of function of ATRX/DAXX is a late event in tumorigenesis and a marker of poor prognosis, leading to a reversed DNA methylation. [16] [17] [18] ATRX is a known biomarker in gliomas and a hallmark of astrocytoma. In gliomas, loss of function of ATRX is associated with longer patient survival, especially in isocitrate dehydrogenase-wildtype glioblastoma patients. [19, 20] We, therefore, analyzed the ATRX and DAXX protein abundance in lung cancer patients, investigating 2 new potential markers for outcome of patients suffering from AC, SQCLC, and SCLC.
Material and methods

Tissue samples
Approval for using the patient material in this study was obtained from the Ethics Committee of the University Medical Center Goettingen (#1-2-08). Informed consent was obtained from all patients. All procedures were conducted in accordance with the declaration of Helsinki and institutional, state, and federal guidelines. Tissue samples were obtained from surgical resections at the Department of Thoracic Surgery of the University Medical Center Goettingen.
Immunohistochemical staining
Tissue samples were assembled in tissue microarrays before immunostaining. Immunohistochemical reactions were performed as described previously. [21] Briefly, 2-mm tissue sections were incubated in EnVision Flex Target Retrieval Solution, pH low (Dako/agilent, Sanata Clara CA) followed by incubation of primary antibodies against ATRX (Sigma, Sigma-Aldrich, St. Louis, MO 1:500) and DAXX (Sigma, 1:200) at room temperature for 20 minutes. Polymeric secondary antibodies coupled to horseradish peroxidase (EnVision Flex+, Dako) and DAB (Dako) were applied to visualize the sites of immunoprecipitations. Tissue samples were analyzed by light microscopy after counterstaining with Meyer's hematoxylin. Staining intensity was evaluated using a 3-tiered semiquantitative scoring system: 0 = negative; 1 = weakly positive; 2 = strongly positive.
Statistical analysis
Contingency table, Chi-square test, and Pearson coefficient were used for analyzing correlation between clinical and pathological features and ARTX or DAXX protein expression. Survival analysis was performed by using the Kaplan-Meier estimator and the log-rank test. P values <.05 were considered as significant. Microsoft Excel 2010 and GraphPad Prism (version 7.00 for Windows, GraphPad Software, La Jolla, CA, www.graphpad. com) was used for statistical analyses.
Results
Patient characteristics
A total of 345 patients (254 male, 91 female) were included in this study. The median age was 66 years (range 34-85). Patients were diagnosed with either NSCLC (111 AC, 194 SQCLC) or SCLC (40 patients). All patients were treated with surgical tumor resection. According to UICC (7th edition) stage, 250 patients were classified as stage I or II and 81 patients as stage III or IV. R0 resection was achieved in 302 cases. Lymph node status was positive in 127 cases (for detailed patient characteristics refer to Table 1 and Supplementary Table 1 , http://links.lww.com/MD/ D151).
Protein expression of ATRX and DAXX in lung cancer patients and correlation with clinicopathologic characteristics
The protein abundance (in the following text also named protein expression) of ATRX and DAXX was described as low (staining score 0 or 1, see material and methods) or high (staining score 2) and analyzed for each tumor entity ( Fig. 1 ). The presence of both ATRX and DAXX was classified as low-low (both weak or no immunostaining), low-high (either 1 with strong immunostaining), or high-high (both with strong immunostaining). ATRX showed a strong immunostaining in 16.2% of AC, 11.9% in SQCLC and 42.5% in SCLC. DAXX was highly expressed in 55.0% of AC, 76.3% of SQCLC, and 82.5% of SCLC. Strong immunostaining of both ATRX and DAXX was seen in 14.5% of AC, 11.3% of SQCLC, and 42.5% of SCLC ( Fig. 2 and Table 2 ). The simultaneous expression of ATRX and DAXX (expression pattern high-high) in SCLC was significantly (P < .001) more common in SCLC patients compared to NSCLC patients (AC and SQCLC). ATRX and DAXX immunostaining levels showed a weak but non-significant correlation (r = 0.39; P = .09; degrees of freedom [df] = 344). Subgroup analysis revealed that AC had the highestalbeit not significant -Pearson correlation coefficient (r = 0.47, P = .91, df = 110). Correlation coefficient of ATRX and DAXX immunostaining in SQCLC (r = 0.30, P = .032, df = 193) and SCLC (r = 0.32, P = .039, df = 39) was lower, but significant.
Protein abundance of ATRX and DAXX is correlated with cancer entity and histological grading (P < .001). Nodal status, age, gender, or UICC stage showed no association with protein expression of either marker (Table 3 ). We next analyzed the influence of ATRX and DAXX for each cancer entity separately. ATRX protein expression correlated with UICC stage in both SQCLC (P = .03) and SCLC (P = .02). SQCLC samples classified as UICC stage III or IV showed high protein expression more often than tumors in UICC stage I and II (19.4% vs 8.5%). Histological grading in SQCLC was also significantly correlated with ATRX protein expression as strong immunostaining of ATRX was found more often in samples with a higher grading (26.7% vs 7.4%, P = .0005) ( Tables 4-6 ).
Impact of ARXT and DAXX protein expression on prognosis
AC patients with a high ATRX protein abundance showed a significantly better overall survival in Kaplan-Meyer-Estimation (median survival 102 vs 35 months, hazard ratio = 2.61, P = .022, Fig. 3A, top) . On the other hand, AC patients with high DAXX Fig. 3A, bottom) . Taking both ATRX and DAXX into account, Kaplan-Meyer-analysis showed a significantly better outcome in the subgroup of AC patients with both high ATRX and DAXX levels (median survival low/low = 44 months, low/ high = 34 months, high/high = 102 months, P = .032, Fig. 4A ). By contrast, overall survival of patients with SQCLC and SCLC showed no significant correlation with ATRX or DAXX (Figs. 3B + C and 4B and C).
Discussion
Surgery is the treatment of choice for early-stage lung cancer. [4, [22] [23] [24] A prognostic biomarker that would give additional information supporting a decision for or against adjuvant chemotherapy would be an important improvement.
In this study, we investigated the protein expression of ATRX and DAXX in lung cancer and its impact on the outcome of lung cancer patients. ATRX was present in less than 20% of NSCLC cases while SCLC showed an expression in 42.5% of cases. DAXX protein expression was more common and was found in over 50% in AC and in more than 70% in SQCLC and SCLC. We observed a weak, but significant correlation between DAXX and ATRX in SQCLC and SCLC. This is not surprising, as both proteins interact to transport H3.3 to telomeric and pericentromeric chromatin. H3.3 inhibits homologous recombination repair and DNA-repair mechanisms. [25] The protein expression pattern of ATRX and DAXX was correlated with lung cancer histology with SCLC showing the largest percentage of samples with a high protein abundance of ATRX and DAXX. We further observed a correlation between ATRX and DAXX and histological grading in SQCLC. Finally, we identified an association between UICC stage and ATRX in the sub-group of SQCLC and SCLC. It is noteworthy that we did not detect any association between DAXX and UICC stageespecially as one would expect less DAXX in advanced lung cancer because DAXX is known to prevent hypoxia-induced lung cancer cell metastasis. [26] Such an association between DAXX and UICC stage III/IV was previously described in esophageal cancer. [27] We could also not confirm the previously reported association between age and ATRX in patients suffering from Glioma [14, 28] in our cohort of lung cancer patients. However, the association between age and ATRX loss was described for patients with Glioma and a mean age of 35.7 years. [28] Our cohort of lung cancer patients showed a median age of 66 years and therefore a later onset of the cancer disease.
Patients suffering from neuroendocrine pancreatic tumors show a shorter overall survival if they have a loss of function mutation (and therefore loss-of-expression) of ATRX or DAXX. A similar poor prognosis associated with loss of function for ATRX was also recently reported for uterine leiomyosarcomas. [18, 29] In line with these findings, a subgroup analysis showed a worse outcome in AC patients with loss of ATRX protein expression. Loss-of function of ATRX or DAXX leads to ALT phenotype, a survival mechanism in cancer cells. At the same time, loss of these regulators reverses DNA methylation patterns making the cancer cell more susceptible for treatment with alkylating agents, which may explain why gliomas with loss of ARTX or DAXX are more susceptible to this treatment and why affected patients have a better prognosis. [30] ALT sensitizes cancer cells also for treatment with methyltransferase and deacetylase inhibitors. The latter is already in use for hematological malignancies. So far, they have not shown results for solid tumors and are only used in combination therapies. [4, 10, 17] However, in our sub-group of AC patients with weak or no ATRX protein expression and a significantly shorter overall survival, a possible benefit of methyltransferase and deacetylase inhibitors might be a consideration for future research.
Subgroup analysis of SQCLC and SCLC patients showed no difference in patients' outcome. A small study showed an association in SCLC patients between poor overall survival and ATRX mutations detected in plasma cell-free DNA. [31] We did not detect a correlation between ATRX and overall survival; however, this might be explained by the different approach (immunohistochemical analysis of protein expression in lung cancer tissue vs mutational analysis of ATRX gene in plasma cell-free DNA) and the small case number (n = 40) of our SCLC cohort.
In summary, analysis of ATRX and DAXX status in lung cancer patients adds relevant prognostic information and should be considered for patient stratification and therapeutic decisions.
